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a b s t r a c t

Simple methodology for the allylation of various N- and O-pronucleophiles with 1-phenyl-1-propyne as
an allylating agent, using PS-TPP-Pd (polymer supported triphenylphosphine palladium) as a highly
active heterogeneous recyclable catalyst has been developed. The protocol is applicable for a wide variety
of hindered and functionalized aromatic amines, alcohols, and carboxylic acids. The catalyst exhibited
remarkable catalytic activity for five consecutive recycles.

� 2011 Elsevier Ltd. All rights reserved.
Allyl amines, allyl ethers, and allyl esters have wide applica-
tions in organic synthesis,1,2 synthesis of biologically active
compounds,3,4 natural products synthesis,3b and perfumery indus-
tries.5 These allylated products can be obtained via palladium cat-
alyzed allylation of respective amines, alcohols, and carboxylic
acids with various allylating agents such as allyl alcohols, deriva-
tives of allyl alcohols (e.g., allyl acetate, allyl carbonates, allyl tri-
flates, etc.), allenes, or internal alkynes.6–10 The use of allylating
agents like allylic alcohols and their derivatives is not advanta-
geous as it produces stoichiometric amount of side products in
the reaction. However, the use of allenes and internal alkynes as
an allylating agent is more advantageous, as the allylated products
are formed by simple addition reaction of N- and O-pronucleo-
philes with allenes and alkynes. Among the allenes and alkynes, al-
kynes are easily available and are also cost-effective. Yamamoto
and coworkers11 reported various homogeneous palladium cata-
lyst such as Pd(PPh3)4, Pd2(dba)3�CHCl3 with 2-(dicyclohexylphos-
phanyl)-20-(dimethylamino)biphenyl as a ligand, for the allylation
of pronucleophiles. Recently, we have reported allylation of vari-
ous N- and O-pronucleophiles using homogeneous Pd(OAc)2/dppf
as catalyst.12 Homogeneous catalytic systems have several
drawbacks like the presence of palladium based impurities in
synthesized products, catalyst-product separation, and lack of
catalyst reusability. It is noteworthy to mention that such toxic
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palladium based impurities creates considerable problems in case
of pharmaceutical products as the purity of the product is of enor-
mous importance.

Hence, suitable efforts to anchor such homogeneous complex
catalyst which can overcome such limitation of catalyst-product
separation and recycle are necessary. In this context, we recently
reported an effective heterogeneous catalytic methodology for
allylic amination of internal alkynes using polymer supported pal-
ladium catalyst.13 The exploration of developed methodology for
the allylation of weaker pronucleophiles such as hindered amines,
alcohols, and carboxylic acids still remains the scope of further re-
search. We herein report allylic amination of alkynes using poly-
mer supported palladium catalyst for the allylation of weaker N-
and O-pronucleophiles using polymer supported triphenylphos-
phine palladium complex (PS-TPP-Pd) as a heterogeneous and
recyclable catalyst (Scheme 1).

In this work the allylation of 2-methylaniline with 1-phenyl-
1-propyne (1) as a model reaction using Pd(OAc)2 as a catalyst pre-
cursor using polymer supported triphenylphosphine as a ligand
and benzoic acid as a co-catalyst was studied. Various reaction
parameters such as molar ratio, solvent, temperature, time, and
catalyst loading were studied to obtain the best optimized reaction
conditions (Table 1).

Molar ratio has always shown a profound effect on the yield of
the desired product. Hence, we have studied the effect of different
molar ratios of 1-phenyl-1-propyne/2-methylaniline and found
that the molar ratio 1:1.2 revealed excellent yields (90%) within
5 h (Table 1, entry 2). Various non-polar organic solvents like tolu-
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Table 1
Effect of reaction parameters on the allylation of 2-methyl aniline with 1-phenyl-1-propyne (1)a

Entry Molar ratio Solvent Temperature (�C) Time (h) Catalyst loading (mol %) Pd:P ratio Yieldb (%)

Influence of molar ratio
1 1:1 Toluene 110 5 10 1:4 88
2 1:1.2 Toluene 110 5 10 1:4 90
3 1.2:1 Toluene 110 5 10 1:4 86

Influence of solvent
4 1:1.2 Xylene 110 5 10 1:4 60
5 1:1.2 n-Hexane 70 5 10 1:4 05
6 1:1.2 Cyclohexane 80 5 10 1:4 —

Influence of temperature
7 1:1.2 Toluene 100 5 10 1:4 78
8 1:1.2 Toluene 80 5 10 1:4 60
9c 1:1.2 Toluene 120 5 10 1:4 90

Influence of time
10 1:1.2 Toluene 110 2 10 1:4 31
11 1:1.2 Toluene 110 4 10 1:4 76
12 1:1.2 Toluene 110 6 10 1:4 92

Influence of catalyst loading
13 1:1.2 Toluene 110 5 5 1:4 76
14 1:1.2 Toluene 110 5 15 1:4 90

Influence of Pd:P ratio
15 1:1.2 Toluene 110 5 10 1 : 1 40
16 1:1.2 Toluene 110 5 10 1:2 73
17 1:1.2 Toluene 110 5 10 1:3 76
18 1:1.2 Toluene 110 5 10 1:5 94

a Reaction condition: 1 1-phenyl-1-propyne (5 mmol), 2 2-methylaniline, Pd(OAc)2 , PS-TPP, benzoic acid (10 mol %), solvent (20 mL).
b GC yield.
c The reaction was performed in sealed vial.
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Scheme 1. PS-TPP-Pd catalyzed allylation of N- and O-pronucleophiles with 1-phenyl-1-propyne.
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ene, xylene, cyclohexane, and n-hexane were screened and toluene
was found to be the best solvent, furnishing excellent yield (90%)
(Table 1, entry 2). It was observed that with increase in the reaction
temperature from 80 �C to 110 �C, the yield was increased, while
further increase in temperature to 120 �C had no significant effect
on the yield of the reaction (Table 1, entries 2, 7–9). We further
investigated the effect of reaction time and observed that 5 h
was sufficient for the reaction (Table 1, entries 2, 10–12). The cat-
alyst loading of 10 mol % was adequate to catalyze the allylation
reaction at the palladium: phosphine ratio of 1:5 (Table 1, entries
2, 13–18). We observed that excess amount of phosphine ligand
was necessary to stabilize palladium complex for the allylation
reaction. Hence, the final optimized reaction conditions are: 1-phe-
nyl-1-propyne (1 equiv), 2-methylaniline (1.2 equiv), toluene at
110 �C, Pd(OAc)2/PS-TPP (10 mol %), ratio of Pd:P (1:5) for 5 h.

Furthermore, the efficiency of developed methodology for the
allylation of various N- and O-pronucleophiles was studied (Table
2). Several weaker N-pronucleophiles such as different aniline
derivatives containing sterically hindered N-substituted com-
pound (N-benzylaniline) as well as electron deficient anilines were
subjected for the allylation reaction. We observed that (2-cyanoan-
iline) and N-sulphonated aniline (N-tosylaniline) were well toler-
ated offering good to excellent yield (82–94%) of the desired allyl
amines (Table 2, entries 1–4). Encouraged with the results, we ex-
tended our protocol to much weaker pronucleophiles like alcohols
and carboxylic acids (Table 2, entries 5–12). Among the O-pronu-
cleophiles screened, the carboxylic acids were found to be much
more effective for allylation reaction as compared with alcohols.
Benzylalcohol and its derivatives reacted smoothly with 1 provid-
ing good yield of the desired product while the reaction of cin-
namyl alcohol with 1 offered excellent yield of dicinnamyl ether
(90%) as a product (Table 2, entries 5–8). Furthermore, we em-
ployed some less nucleophilic O-pronucleophiles, that is, various
carboxylic acids such as acetic acid, benzoic acid, ortho-toluic acid,
and cinnamic acid for the developed methodology. To our delight,
all these substrates reacted smoothly to endow excellent yield of
their respective allyl esters (Table 2, entries 9–12). In order to
avoid the formation of cinnamyl benzoate as a side product in
the reaction medium, the reaction of acetic acid and ortho-toluic
acid with 1 were performed in the absence of benzoic acid (co-cat-



Table 2
Allylation of N- and O-pronucleophiles with 1-phenyl-1-propynea

Entry Pronucleophile (2) Product (3) Time (h) Yieldb (%)
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a Reaction condition: 1 1-phenyl-1-propyne (5 mmol), 2 N- or O-pronucleophiles (6 mmol), Pd(OAc)2 (10 mol %), PS-TPP (5 equiv to Pd(OAc)2), benzoic acid (10 mol %),
toluene (20 mL), temperature (110 �C).

b Isolated yields.
c Reaction without PhCOOH.

Figure 1. Recyclability study for allylation reaction.
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alyst) to provide the desired allyl esters with excellent yield. How-
ever, the use of benzoic acid as a co-catalyst was essential for the
allylation of cinnamic acid as it provided excellent yield of cinnam-
ylcinnamate in the presence of co-catalyst, while reacted slug-
gishly in the absence of co-catalyst providing only 58% yield.

Though, the hydroxyl group of alcohol is more nucleophilic
than the hydroxyl of carboxylic acid, they react sluggishly with
alkyne. This observed controversy may be due to the dual role
of carboxylic acid as a substrate as well as co-catalyst. Hence,
present methodology sounds to be general and economical for
the allylation of various structurally and electronically different
pronucleophiles such as amines, alcohols, and carboxylic acids
with 1 providing good to excellent yields of the desired allylated
products.

In addition to make the protocol more economically feasible,
the catalytic activity of PS-TPP-Pd was investigated for five consec-
utive recycles under optimized reaction conditions (Fig. 1). The cat-
alyst was effectively recycled with marginal decline in the catalytic
activity for the fifth recycle. The marginal decline in the yield
might be due to the handling loss of Pd catalyst. In relation, we per-
formed the ICP-AES analysis of the reaction mixture and observed
leaching of the Pd below the detectable level.

In conclusion, we have developed a facile, highly efficient, and
common protocol for the allylation of different weak nucleophilic
O- and N-pronucleophiles using PS-TPP-Pd complex as a heteroge-
neous and recyclable catalyst. The present methodology facilitates
allylation of weaker nucleophilic amines, alcohols, and carboxylic
acids providing good to excellent yield of the desired products.
Also, the PS-TPP-Pd complex was recycled for five consecutive cy-
cles without any significant loss in catalytic activity.
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General procedure for allylation reaction: In a typical experimental procedure,
50 mL round-bottomed flask was charged with Pd(OAc)2 (112 mg, 10 mol %),
polymer supported triphenylphosphane (PS-TPP; 831 mg, 5 equiv to Pd(OAc)2)
and toluene (20 mL) and was stirred for 20 min at 110 �C. The reaction mixture
was cooled to rt followed by the addition of 1-phenyl-1-propyne (580 mg,
5 mmol), pronucleophile (6 mmol), and benzoic acid (60 mg, 10 mol %). The
resulting mixture was stirred for 5–18 h at 110 �C and was then cooled to room
temperature. On completion of reaction, the catalyst was separated by
filtration, washed with an excess amount of toluene and dried under vacuum
(The dried catalyst can be used as it is for further recycles). The reaction
mixture was analyzed using a gas chromatography (Perkin Elmer, Clarus 400)
equipped with a flame ionization detector (FID) and capillary column (Elite-1,
30 m � 0.32 mm � 0.25 lm). The crude product was purified by column
chromatography (silica gel, 60–120 mesh; petroleum ether/ethyl acetate,
95:05) to afford pure products. All the prepared compounds were confirmed
by comparing with their authentic samples and were characterized by GC–MS
(Shimadzu QP 2010) , 1H NMR (Varian 300 MHz) or (Varian 400 MHz), 13C NMR
(Varian 75 MHz), and HRMS (Bruker daltonics, ESI micrOTOF-Q) analysis.
Spectral data of selected compounds:
N-Cinnamyl-2-methoxyaniline (Table 2, entry 1). Yield: 94% (1048 mg). 1H
NMR (400 MHz, CDCl3, 25 �C): d = 7.22–7.39 (m, 5H, Ar), 6.6–6.89 (m, 5H, (4H,
Ar and 1H, CH@CH-Ph)), 6.35 (td, J = 15.76, 5.86 Hz, 1H, CH2–CH@CH), 4.42 (br
s, 1H, NH), 3.95 (dd, J = 5.5, 1.46 Hz, 2H, HN–CH2–CH), 3.85 (s, 3H, –OCH3). 13C
NMR (75 MHz, CDCl3, 25 �C): d = 146.92 (Cq, Ar), 138.02 (N-Cq, Ar), 136.99 (Cq,
Ar), 131.35 (CH2–CH@CH), 128.56 (2CH, Ar), 127.46 (CH, Ar), 127.27 (CH@CH-
Ph), 126.36 (2CH, Ar), 121.34 (CH, Ar), 116.71 (CH, Ar), 110.24 (CH, Ar), 109.45
(CH, Ar), 55.41 (–OCH3), 45.94 (HN–CH2–CH) ppm. GC–MS (EI, 70 eV): m/z
(%) = 239 (43) [M+], 117 (100), 115 (41), 91 (31), 77 (10), 45 (46), 44 (38). HRMS
(ESI+) calcd for (MH+): 240.1388, found (MH+): 240.1387.
Cinnamyl acetate: (Table 2, entry 9). Yield: 85% (748 mg). 1H NMR (300 MHz,
CDCl3, 25 �C): d = 7.2–7.4 (m, 5H, Ph), 6.65 (d, J = 15.76 Hz, 1H, CH@CH-Ph),
6.28 (td, J = 15.76, 6.23 Hz, 1H, CH2–CH@CH), 4.72 (dd, J = 6.23, 1.1 Hz, 2H, O–
CH2–CH), 2.1 (s, CH3–CO–O, 3H) ppm. 13C NMR (75 MHz, CDCl3, 25 �C): d = 170
(CH3–CO–OCH2), 136.26 (Cq, Ar), 134.25 (CH@CH-Ph), 128.65 (2CH, Ar), 128.11
(CH, Ar), 126.66 (2CH, Ar), 123.23 (CH2–CH@CH), 65.11 (O–CH2), 21 (CH3) ppm.
GC–MS (EI, 70 eV): m/z (%) = 176 (28) [M+], 134 (40), 133 (39), 117 (29), 115
(86), 92 (35), 43 (100).
Cinnamyl benzoate (Table 2, entry 10). Yield: 92% (1094 mg). 1H NMR
(300 MHz, CDCl3, 25 �C): d = 8.1 (d, J = 8.43 Hz, 2H, Ar), 7.2–5.9 (m, 8H, Ar),
6.75 (d, J = 15.76, 1H, CH@CH-Ph), 6.4 (td, J = 15.76, 6.23 Hz, 1H, CH2–CH@CH),
5.0 (dd, J = 6.23, 1.1 Hz, 2H, O–CH2–CH) ppm. 13C NMR (75 MHz, CDCl3, 25 �C):
d = 166.37 (CO), 136.25 (Cq, Ar), 134.27 (Cq-CO, Ar), 133 (CH, Ar), 129.67 (2CH,
Ar), 128.63 (2CH, Ar), 128.39 (2CH, Ar), 128.1 (CH@CH-Ph, Ar), 126.67 (2CH,
Ar), 123.29 (CH2-CH@CH), 65.23 (O–CH2–CH) ppm. GC–MS (EI, 70 eV): m/z
(%) = 238 (4) [M+], 133 (11), 117 (12), 115 (28), 105 (100), 45 (27).
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